We aimed to compare imaging findings of infective endocarditis between computed tomography (CT) and transoesophageal echocardiography (TEE) using surgical inspection as a reference standard. 
Introduction
Infective endocarditis is a serious health problem with a mortality rate of up to 40%. 1 Urgent surgical treatment is necessary in patients with signs of persistent infection, intractable cardiac failure, severe valvular dysfunction, or perivalvular abscess formation. 2, 3 In patients with large vegetation, early surgery can reduce mortality and systemic embolic events compared with conventional medical treatment. 4, 5 To assist surgeons in surgical planning and help patients to undergo timely operations, pre-operative evaluations of the functional and anatomical deteriorations of the involved valves are important. Echocardiography is the imaging method of choice for the diagnosis of infective endocarditis because it is easily performed, there is no radiation exposure, and a bedside examination is possible. However, the operator dependency and limited sonic window due to valve calcifications or prosthetic valves are still limitations of echocardiography. 6, 7 Technical improvements in cardiac computed tomography (CT) have allowed the visualization of cardiac valves and paravalvular structures with higher spatial resolution and fewer metallic artefacts from prosthetic valves compared with echocardiography. Several recent reports have shown the value of CT for the evaluation of valvular and paravalvular structures. [8] [9] [10] [11] [12] Moreover, a recent meta-analysis showed that CT may provide added value to transoesophageal echocardiography (TEE) for diagnosing prosthetic heart valve endocarditis. 13 However, few studies have shown an incremental value of CT over echocardiography in visualizing infective endocarditis. 14, 15 We hypothesized that cardiac CT would provide additional anatomic information compared with echocardiography in the diagnosis of infective endocarditis. Thus, the purpose of this study was to compare the imaging findings of infective endocarditis between CT and TEE using surgical inspection as a reference standard.
Methods

Patient population
This study was approved by our hospital Institutional Review Board and informed consent was waived due to the retrospective nature of the study. We reviewed the medical records of 109 consecutive patients who underwent cardiac surgery due to infective endocarditis between May 2011 and January 2013. The use of CT was mainly at the clinician's discretion but cardiac CT examination was generally performed in our hospital according to the appropriate use criteria: [16] [17] [18] (i) CT for coronary artery disease evaluation before valve surgery; (ii) CT for characterization of native and prosthetic cardiac valves; and (iii) CT due to insufficient echocardiographic imaging. We excluded 38 patients who did not undergo cardiac CT and 18 patients whose operation was performed 1 week or later after the cardiac CT. All patients underwent both transthoracic echocardiography and TEE except for four patients who underwent transthoracic echocardiography only. After the exclusion of these four patients, 49 patients (34 men; mean age of 53.9 years) were enrolled in this study. The clinical characteristics and laboratory findings of these patients were reviewed using electronic medical records.
Echocardiography
Echocardiography was performed by expert cardiologists and key images were also recorded as video files. Conventional two-dimensional and Doppler echocardiography was performed using a commercially available ultrasound system with a 3-5 MHz, real-time, transoesophageal echocardiographic transducer (Sonos 7500; Philips Medical Systems, Andover, MA; Vivid 7, General Electric, Waukesha, WI). Doppler B-and M-mode or 3D imaging was applied if clinically needed. Among all patients, 3D imaging was performed in 15 patients, including 3 patients with prosthetic valve infective endocarditis. The left ventricular functional parameters on echocardiography and the echocardiographic findings of infective endocarditis were evaluated.
CT protocols
Pre-operative cardiac CT for the evaluation of both coronary arteries and valves was performed using a second-generation dual-source CT scanner (Somatom Definition Flash; Siemens Medical Solutions, Forchheim, Germany). If there was no contraindication, 2.5 mg bisoprolol (Concor; Merck, Darmstadt, Germany) was orally administered to patients with heart rates faster than 75 bpm 1 h prior to the CT 
CT image analysis
CT datasets were reconstructed using a 5% R-R interval and transferred to an external workstation (AquariusNet; TeraRecon, Foster City, CA, USA) for post-processing. By using the multiphase source data, several views of the aortic and mitral valves were obtained. For assessment of the aortic valve, the diastolic phase of the cardiac cycle was used to demonstrate aortic valve closure. Three diagnostic views were obtained: an oblique coronal view, a three-chamber view, and an in-plane view of the aortic valve that was parallel to the transverse plane of the three coronary sinuses and simulated the view from the aortic root to the left ventricle outflow tract. 19, 20 Two perpendicular views from the in-plane view of the aortic valve were the oblique coronal view and the three-chamber view (i.e. left ventricular outflow tract view). Cine reconstruction images, including volume-rendered images, were additionally obtained to show the motion of the vegetation or the rocking motion of the prosthetic valves in patients with paravalvular leakage. The systolic phase of the cardiac cycle is useful for showing the morphology of the mitral valves with CT. 8 Three reconstructed views of the mitral valve were used, including the sagittal, coronal, and in-plane views of the mitral annulus. 8 The sagittal view of the mitral valve is similar to the three-chamber view of the heart, and the coronal view of the mitral valve was obtained by a projection parallel to the line connecting the medial and lateral commissures on the inplane view of the mitral valve. Paravalvular structure involvements, including lesions in the mitral-aortic intervalvular fibrosa, were also thoroughly evaluated. The morphology of infective endocarditis was classified into four categories as follows: 21 (1) Vegetation: an irregular-shaped soft tissue lesion that is attached to valves or paravalvular structures and distinct from the endocardium; found in more than two different dimensional views ( Figure 1 ). 
Surgical findings
Cardiac surgeons reviewed and discussed the echocardiographic and CT findings with cardiologists and radiologists before each operation, and the cardiac valves and paravalvular structures were closely evaluated during the operation by direct inspection and exploration. The location and extent of the involved site and the presence of vegetation, leaflet perforation, abscess/pseudoaneurysm, and/or paravalvular leakage were described in the operation records. Surgical treatments such as valve replacement or repair of infected sites and reconstruction with patches for abscess or paravalvular leakage were also recorded.
Statistical analysis
Continuous variables are expressed as mean ± standard deviation, and categorical data are presented as percentages. The diagnostic performances of the classification of each imaging finding detected on cardiac CT and echocardiography were determined by comparing the results with those of the surgical inspection (the reference standard). The numbers of true positive, false positive and false negative cases of CT and echocardiography for demonstrating each imaging finding of infective endocarditis are presented. Actual true negative number of each modality could not be derived from this study because of the small number of patients and patient selection criteria. The concordance rate was expressed as a percentage (%). Cohen's j statistic was used to assess interobserver agreements for the CT imaging findings of infective endocarditis. The j index 
Results
Patient population
Patients' characteristics and echocardiographic data are summarized in Table 1 . According to the modified Duke criteria, 22 definite infective endocarditis was noted in 91.5% of patients (43/47). The results of positive blood cultures (n = 34) are noted in Table 2 . Streptococci (n = 19) is the most common organism followed by Staphylococcus aureus (n = 5), Staphylococcus epidermidis (n = 4), Enterococci (n = 3), and others (n =3). The most common site of infective endocarditis was the aortic valve (n = 20), followed by the mitral valve (n = 11), both aortic and mitral valves (n = 2), a region near the ventricular septal defect patch (n = 1), the tricuspid valve (n = 1), aortic and tricuspid valves (n = 1), and the right atrium near the superior vena cava orifice (n = 1). Prosthetic valve involvement was observed in 12 patients (24.5%).
After the operation, in-hospital mortality occurred in three patients. Among these three patients, two had prosthetic valve involvement and one had paravalvular abscess formation at initial presentation. Despite intensive medical treatment after surgery, they expired due to sepsis (n = 2) and pneumonia (n = 1). Excluding the mortality cases, the mean follow-up period of the study patients was 23.0 ± 9.8 months, and all showed endocarditis-free survival after the operation.
CT and echocardiography
The per-patient detection rate of infective endocarditis was 95.9% (47/49) for echocardiography and 93.9% (46/49) for CT. In perimaging analysis, the sensitivities of CT and TEE to detect the findings of infective endocarditis were not significantly different. The numbers of true positive, false positive and false negative cases of CT and echocardiography for demonstrating each imaging finding of infective endocarditis are summarized in Table 3 . There were no statistically significant differences between CT and echocardiography for detecting each imaging finding compared with the reference standard of surgical findings. Substantial to excellent agreements for CT findings were obtained (j values: vegetation, 0.85; leaflet perforation, 0.88; abscess, 0.78; paravalvular leakage, 0.79). The diagnostic performances of echocardiography and CT for the detection of prosthetic valve endocarditis (n = 12) are also presented in Table 4 . Although the number of patients with prosthetic valve endocarditis was small, CT presented similar sensitivity for the detection of vegetation and paravalvular leakage as echocardiography.
Vegetation
The sensitivity and positive predictive value for diagnosing vegetation on CT were 90.9% [95% confidence interval (CI) 78.3-97.5] and 97.6% (95% CI 87.1-99.9), respectively, whereas those of TEE were 100% (95% CI 92.0-100.0), and 97.8% (95% CI 88.2-99.9), respectively. CT depicted vegetation in 40 of the 44 lesions confirmed by surgical inspection. The reasons for the false-negative diagnoses were motion artefacts (n = 3) and beam hardening artefacts due to a mechanical aortic valve (n = 1). TEE correctly noted all cases with vegetation. Except one report that did not mention the exact size, the sizes of the vegetations were recorded, and the mean size of the vegetations was 13.1 ± 5.2 mm. The mean size of detected vegetations was higher than that of missed lesions on CT (9.3 ± 2.9 mm). In one case of severe rheumatic valve disease, both TEE and CT could detect the co-existing vegetation, but the exact morphologic findings could be more clearly demonstrated with CT (Figure 3) . (Figure 4) . With TEE, the other two false-negative cases were due to a small-sized abscess/ pseudoaneurysm (< _4 mm). The other two cases could not be detected with either CT or TEE due to artefacts from the prosthetic valve or calcifications of the valve. CT demonstrated paravalvular abscesses that could not be detected on TEE due to shadowing of the valvular calcifications or a mechanical aortic valve ( Figure 5 ).
Paravalvular leakage
All four patients with paravalvular leakage were correctly diagnosed with echocardiography. The sensitivity and positive predictive value of CT were 50.0% (95% CI 1.3-98.7) and 100% (95% CI 2.5-100.0), respectively, whereas those of TEE were 100% (95% CI 39.8-100.0) and 66.7% (95% CI 22.3-95.7), respectively. Two false-positive cases with TEE were correctly deemed to be negative by CT. For example, TEE suggested vegetation and abscess/pseudoaneurysm formation with paravalvular leakage in a patient with mechanical aortic valve involvement; however, the patient was finally confirmed via surgery to have only vegetation and abscess/pseudoaneurysm formation ( Figure 6 ).
Discussion
We performed a head-to-head comparison of CT and TEE using surgical findings as the reference standard. The major findings of this study are as follows: (i) The sensitivities of CT and TEE for the detection of surgically managed infective endocarditis are similar. (2) TEE detected more cases of vegetation, leaflet perforation, and paravalvular leakage, and two cases of abscess/pseudoaneurysm could be diagnosed by CT alone. (3) In the prosthetic valve group, the number of false-positive cases was smaller with CT than with TEE. Because not all vegetations or leaflet perforations occurring in the native valve leaflets were detected by CT, it seems that CT could not replace TEE as a first-line diagnostic tool for the detection of infective endocarditis. However, CT revealed paravalvular abscesses that could not be detected on TEE due to shadowing of valvular calcification or mechanical valve. The overall diagnostic performances of CT and TEE to exclude infective endocarditis in both native and prosthetic valves were similar. CT can be used as a subsidiary modality for detecting infective endocarditis, particularly in patients who cannot tolerate TEE or with a poor sonic window.
The diagnosis of perivalvular abscess/pseudoaneurysm associated with endocarditis is important because the presence of a perivalvular abscess/pseudoaneurysm increases the mortality rate by up to 2-fold. 23 In the case of an abscess/pseudoaneurysm shown as a contrast-filling cavity, CT may have incremental value in detecting the lesion; however, CT could not detect small lesions without contrast filling. In our current study, ten patients (20.4%) developed an abscess/pseudoaneurysm, and CT correctly diagnosed two more cases with abscesses/ pseudoaneurysms than echocardiography. Echocardiography can underestimate perivalvular involvement, especially in the case of small lesions or calcified or prosthetic valves. 14 when interpreting out-pouching lesions around the annulus, the ability of CT to differentiate between a true abscess/pseudoaneurysm and an altered valvular morphology secondary to degenerative changes might be limited. Although cardiac CT and echocardiography play a valuable role in the morphologic evaluation and detection of infective endocarditis, 18F-FDG PET/CT is an especially promising tool for cases with motion or beam hardening artefacts due to a mechanical valve. 18F-FDG PET/CT presents good diagnostic value when it is added to the modified Duke criteria for prosthetic valve endocarditis. 26 In addition to its role in the detection of valvular lesions, CT might be useful for the assessment of coronary artery disease and paravalvular structures. 27, 28 In our study, there were four patients with significant coronary artery disease and five infective endocarditis cases with paravalvular structure involvement: mitral-aortic intervalvular fibrosa involvement (n = 3), near the ventricular septal defect patch (n = 1), and near the superior vena cava orifice (n = 1). By both detecting coronary artery diseases and evaluating combined valvular or paravalvular diseases, CT can help in the development of a more accurate surgical plan. 8, 9, 29, 30 Previous studies have reported the sensitivity and specificity of TEE, compared with those of intra-operative or autopsy findings, to be 88 and 97%, respectively, for vegetation and 87 and 95%, respectively, for paravalvular abscess formation. 23, 31, 32 The usefulness of CT in patients who are suspected of having infective endocarditis has been shown in recent articles and by the guidelines of the American College of Cardiology/American Heart Association for selected patients scheduled for cardiac valve surgery.
14-16
Figure 5 The sensitivity and specificity of CT compared with intra-operative findings for the diagnosis of vegetation were up to 96% and 100%, respectively, in recent studies. 15, 25 Because we have collected surgically managed patients in this study, considering that the indications of early surgery for infective endocarditis include medically untreatable large vegetation (>10 mm) that might be combined with embolic episodes, 16 we did not cover all cases of infective endocarditis with small-sized vegetations that could be managed by medical treatment alone. Therefore, the percentage of undetectable small vegetations could be relatively small compared with the previous studies. Acute renal failure (defined as a serum creatinine level of 2 mg/dl or above) is a frequent complication noted in $30% of patients with infective endocarditis and related to a fatal clinical outcome. 33 Although haemodialysis can be used and the renal impairment might be reversible, CT contrast media should be carefully used in patients with renal impairment or haemodynamically unstable patients considering the potential for renal function deterioration. Particularly with the combined use of antibiotics that may cause nephrotoxicity, renal function should be monitored before the use of contrast agents.
Study limitations
First, the analysis was performed in a single centre for selected patients who underwent surgical treatment for infective endocarditis. A selection bias may therefore have been introduced during the evaluation of the results. Only half of the patients who underwent an operation for infective endocarditis were included in the study, mainly because they did not undergo CT. It is possible that these patients had stable infective endocarditis with sinus rhythm and normal renal function, that there were very few cases of septicaemia, or that there were no critically ill infective endocarditis patients who would probably benefit most from adequate and rapid diagnosis of infective endocarditis. Moreover, because we have collected surgically managed patients in this study, we could not cover all infective endocarditis patients who were managed by medical treatment alone. However, we have focused on the surgical findings to compare the CT and echocardiography findings. Second, surgical inspection might not be the perfect reference standard for infective endocarditis, particularly for small lesions. Small vegetation, leaflet perforations, or abscess/pseudoaneurysm formation might not be detected by surgical inspection. The relatively high number of leaflet perforation overestimations with TEE might result from this limitation of surgical inspection. Third, because we only included patients with surgically diagnosed infective endocarditis, the specificity and positive and negative predictive values for per-patient analysis were not measurable due to the absence of negative intra-operative findings. Nevertheless, we tried to focus on analysing cases with a discrepancy to identify any added value of CT for improving diagnostic performance in a clinical setting. Fourth, because we used a high-end CT machine, our present findings may not be applicable to CT scanners with a low temporal resolution. Fifth, the radiation dose is still the primary concern of cardiac CT, especially in retrospective ECG-gating with a higher radiation dose. A prospective ECG-triggering method using dual-source CT dual-step pulsing or iterative reconstruction could be used in a future study to reduce this radiation exposure. 34 
Conclusion
The sensitivities of CT and TEE to detect infective endocarditis are similar. Although there was no statistical significance, TEE detected more cases with vegetation, leaflet perforation, and paravalvular leakage, and two cases of abscess/pseudoaneurysm could be demonstrated by CT alone. The interobserver agreements for the CT findings of infective endocarditis are substantial or excellent.
